This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. concentration of flue gas allows estimating the membrane area needed for each 2 membrane material to achieve a given CO 2 purity and removal efficiency. The very large membrane areas needed to reach the 90% CO 2 purity and removal efficiency target are drastically reduced if the CO 2 removal efficiency required is set to 70%, especially for the combinations with different membranes in each stage, which gives scope for attempting further development of novel membrane materials for CO 2 capture processes.
Introduction
Global warming and climate change are environmental issues resulting from the rise on worldwide energy consumption that releases increasing levels of greenhouse gases to the atmosphere. The EU especially urges that technologies for the CO 2 capture from flue gases are developed to achieve the climate targets by 2030 and limit the average global temperature to 2ºC [1] .
Despite the research efforts dedicated to the different strategies of CO 2 capture from large emission sources such as chemical industries and power plants, it is still post-combustion the only feasible option for implementation at large scale, because it implementation [3] and systematic materials and process research is required to intensify the post-combustion carbon capture process [4, 5] .
Membrane technology has been continuously studied in the last decade as a potential alternative in terms of scalability, energy saving and modularity, low capital investment, small carbon footprint and reduced energy requirement [6] . However, available gas separation membranes use at commercial scale for CO 2 capture is still limited to pilot plant studies [7] [8] [9] . The sensitivity of existing membrane materials towards harsh process conditions, such as temperature, pressure or the presence of impurities has prevented so far the development of membrane technology to high technology readiness level (TRL) and justify a worldwide search on the development of membrane materials [10] and process designs [11, 12] .
The main parameters that influence the choice of a gas separation membrane are the intrinsic transport properties of the membrane, i.e. the permeability and selectivity.
Polymer membranes usually face a generally acknowledged trade-off in selectivity and permeability, defined by Robeson's upper bound [13] , including blends and mixed matrix membranes (MMMs) [14] . When dealing with CO 2 -N 2 gas mixture separations, the effect of operation conditions (partial pressure and feed composition) and the engineering design leading to integrate membranes in CO 2 capture (module configuration, stage cut and flow management), depend on the membrane material that provides the optimized permeability and selectivity [10, 12, 15] . Regarding the process design approach, simulated approaches reported state that current membranes cannot offer high purity and high CO 2 recovery at the same time in one stage due to the partial pressure driving force limitation, irrespective of the membrane selectivity and permeability [16] [17] [18] [19] [20] .
Therefore, in order to reach with membranes the high removal efficiency and CO 2 concentration in the permeate that would allow membrane technology to be competitive with conventional processes, different multi-stage process configurations have been simulated [21] . Most simulation and optimization approaches use data from the Polaris® membrane from MTR, whose CO 2 permeance of 1000 GPU (1 GPU = 10 -6 cm 3 (STP) · cm -2 · s -1 · cmHg -1 ) and moderate CO 2 /N 2 selectivity , at an affordable pressure ratio [22] . The selectivity loses significant if recycling to pre-concentrate the flue gas before the membrane is enabled [23] . One step further in this negligibility of t h e s e l e c t i v i t y w a s t h e c o n s i d e r a t i o n o f N 2 -selective instead of CO 2 selective membranes, simulated by Yuan et al. [24] , arriving to the conclusion that the feed compression required in the single stage becomes optional in the two-stage system.
Van der Sluijs et al. were the first to simulate a two-stage membrane system where different intrinsic permeability and selectivity membranes were considered for each stage. Using available data for commercial polymeric membranes, they also concluded that the two membrane system is necessary to reach a CO 2 purity over 80%, but that the single membrane stage was the most economic configuration if only a CO 2 purity lower than 70% was required. Gerber [25] patented the concept of a two-stage system combining a membrane of high permeability in the first stage and a different membrane of high selectivity in the second stage in order to improve the CO 2 capture from natural gas to reach the 90% purity target at the exit. Using a similar concept, Brunetti et al. [26] A ctual ly , th e dev el opm en t of CO 2 separation using membrane technology is more developed for natural gas than flue gas [27] .
The results of all these simulations should be taken with caution since there are relatively few papers comparing them with real CO 2 /N 2 mixture separation experiments a t b en ch or p i l ot s c al e . A s f a r a s w e k n ow , t h e ex p e ri m en tal ev al u a ti on of C O 2 separation from CO 2 -N 2 gas mixtures has not been reported for multi-stage membrane systems [18, 20, 28] . This lack of demonstration of CO 2 capture from industrial plants outside simulation work implies that it is too early to identify which CO 2 capture technologies may become dominant [29] .
In this work, we will use the concept of combining a high permeability and moderate selectivity membrane (permeability higher than 1000 Barrer) in stage 1 and a high selectivity (in the range 20-50) membrane in stage 2 to evaluate the CO 2 /N 2 separation performance of novel membrane materials developed in our group [30, 31] . In addition to the aforementioned concept, the membrane material selected for stage 2 provided high selectivity (up to 50) and high permeability even at 343 K (about 5000
Barrer), which allows avoiding the use of the intermediate compressor. The effect of the membrane combination and the number of modules, the CO 2 concentration in the feed stream and temperature has been experimentally evaluated and studied by a mathematical model. This model will then be applied to the estimation of the necessary membrane area to fabricate of each material to reach the coupled purity in the permeate and CO 2 removal efficiency established as design target.
Experimental

Gas separation experimental system
Gas separation experiments are carried out by means of CO 2 /N 2 mixed gas separation tests using the experimental setup described elsewhere [32] , and represented in Figure 1 . The details of the operating conditions used in the laboratory for the binary CO 2 -N 2 gas mixture separation experiments simulating flue gas streams conditions are summarized in The permeate flow rate is measured at the exit of the entire system using a bubble flow meter. The CO 2 concentration is measured by an infrared gas analyzer G100 (Fonotest, USA). The permeate stream is mixed with a N 2 flow as carrier before entering the analyzer, in the conditions given in Table 2 , whose maximum CO 2 concentration is 20 %. N 2 concentration is calculated by mass balance. 
Membranes
The membranes selected for stage 1 are a Pervap 4060 commercial membrane with a permeability higher than 1000 Barrer and a selectivity below 10 [7] , a IL-CS hybrid membrane, whose permeability is larger than 1000 Barrer and its selectivity is constant around 5 in the range of 298 -323 K. For stage 2, a Zeolite A/PTMSP MMM developed in our laboratory, whose permeability and selectivity is larger than 5000
Barrer and 20-50, respectively, in the range 298 -343 K. Table 3 shows the different membrane configurations evaluated in this work. (Table 1) :
· T h e m o d e l o n l y f o r a b i n a r y C O 2 -N 2 gas mixture, which is the simplifying assumption first employed to evaluate the prediction of a multicomponent model [33, 34] .
·
The process is considered at steady and isothermal conditions [6, 12, [35] [36] [37] [38] .
The influence of temperature on the intrinsic permeability and selectivity of the membranes is stronger than that of the CO 2 concentration and pressure [39] [40] [41] .
The gases behave ideally and there is no concentration polarization,
given the low pressure of the system and the thickness of the membranes involved [35, 42] .
The feed side pressure drop is measured experimentally, and it is negligible since the membrane modules employed have flat geometry [17] .
The parameters used in the mathematical model equations in Appendix A are summarized in Table 4 . The permeability, P, and ideal selectivity, α, were measured by single gas permeation in a constant-volume setup and reported in our previous works, as a function of temperature in the range 298 -343 K, which allowed the determination of the activation energies given in Table 4 . The permeability, P, and ideal selectivity, α, were measured by single gas permeation in a constant-volume setup and reported in our previous works, as a function of temperature in the range 298 -343 K, which allowed the determination of the activation energies given in Table 4 . Figure 1 above. As expected, the performance of a membrane material in one stage configuration is enhanced by the incorporation of a second membrane stage [44] .
Results and discussion
From Figure 3 , as the CO 2 concentration in the feed increases, the concentration in the permeate increases and the enrichment in one stage agrees with literature. For instance, Lin et al. [8] reported a CO 2 enrichment in a single stage membrane system from 9 to 33% using the Polaris® membrane. The shape of the curves in Figure 3 indicates that the type of membrane material (rubbery PDMS, semi-crystalline IL-CS or amorphous PTMSP -based membranes) influences the membrane performance. In The experimental data obtained in one and two stages are compared in Figure 3 and Figure 4 with the model predictions (dashed lines) for the CO 2 permeate concentration in stage 1 and stage 2, respectively, versus CO 2 feed concentrations in order to characterize the different membrane systems under study. The error bands in Figure 3 and Figure 4 reflect the reproducibility of the experimental results obtained in the laboratory. The proposed model agrees acceptably well with the experimental results, with errors in the CO 2 concentration in the permeate as collected in Table 6 . Figure 5 illustrates the effect of CO 2 concentration in the feed gas on the global permeate purity for the different two-stage membrane combinations. As expected, when the CO 2 concentration in the feed increases, the purity of the permeate increases accordingly. The trend is a combination of the dependences shown above in Figure 3 and Figure 4 for stage 1 and stage 2 separately. This agrees with the fact that at lower feed concentrations the partial pressure difference across polymer-based membranes is usually low, causing a smaller driving force through the membrane [8, 45, 46] . In this way, the increment in the CO 2 permeate concentration is attributed to the increasing driving force due to the increment in the CO 2 feed composition leading to higher CO 2 partial pressure [36] . Z A / P T M S P -Z A / P T M S P ( d a r k g r a y t r i a n g l e s , d o t t e d l i n e s ) a n d P e r v a p 4 0 6 0 -ZA/PTMSP (gray circles, continuous lines). The area at lower CO 2 concentration in the feed is zoomed in the inset. Figure 6 shows how the CO 2 permeate flux increases with CO 2 concentration in t h e f e e d a The agreement between the model predictions and experimental permeation flux data, especially at low concentrations of CO 2 i n th e f eed, al l ows th e use of this mathematical model for a first analysis on the perspectives of new membranes in CO 2 -N 2 separation [33] . The discrepancies between the model and the experimental data in CO 2 and N 2 fluxes may be attributed to the opposite influences of competitive sorption and plasticization in mixed gas separation experiments compared to single gas experiments [50] , which depend on the membrane material. There is a different preferential sorption behavior of Zeolite A, the IL, and the polymers for CO 2 versus N 2 [32] . The simplifying assumptions used for this preliminary assessment are not completely valid and the expressions including the permeability dependence on concentration should be taken into account in a future work [39, 47, 48, 50, 51] .
n d t h a t t h e p r o p o s e d m o d e l a g r e e s w i t h t h e r e s u l t s a t l o w C O
To our knowledge this is one of the first works that study experimentally the CO 2 -N 2 gas mixture separation performance of a two-stage membrane system connected in series investigating the influence of membrane materials with different intrinsic transport properties in each stage.
Application to process design
The mathematical model allows estimating the required area of each membrane material that would be necessary to achieve a certain CO 2 purity and removal efficiency, as the coupled design targets in CO 2 -N 2 separation to consider membrane technology as a potential alternative to conventional CO 2 capture methods and direct future investigations regarding membrane development and fabrication [16] . The operating conditions considered for this calculation are the same as those in Table 1 .
In Figure 8 , the membrane areas required for stage 1 and stage 2 of the two-stage membrane systems under study are plotted as a function of pressure ratio and temperature, for a 90% CO 2 concentration in the permeate and 90% CO 2 removal efficiency, since this is the design target usually required for membrane-based CO 2 capture processes to be competitive with chemical absorption [52] . As expected, high pressure ratios reduce the membrane area requirements but increase the energy consumption [40] . Low pressure ratio generally results in low driving force [45] , existing a trade-off between the energy used to achieve the required pressure ratio and the membrane area [20] . Energy considerations will limit the maximum pressure ratio attainable by feed compression or permeate vacuum to about values of 10, which makes high membrane permeability being more important than high CO 2 /N 2 selectivity [21] , as observed for the CO 2 -selective Polaris® membrane, whose selectivity is in the range 12-50 [8] , since the membrane separation performance is determined by the membrane properties and operating conditions.
When the ZA/PTMSP is the same membrane material used in both stages, the area required for the stage 1 doubles that of the stage 2 in all the temperature range under study, in agreement with other systems in literature [53, 54] . Brinkmann et al. [55] reported that for the Polyactive ® membrane, an area of 300 m 2 and slightly more than (Table 4) because the CO 2 /N 2 selectivity of the ZA/PTMSP MMM is higher than those of the others [32] . By placing a high permeability and selectivity membrane material in stage 2, it is possible to increase the CO 2 purity in the permeate even at low CO 2 concentration in the feed (i.e., 10%), instead of increasing the pressure ratio [56] . Besides, this makes the use of a compressor between the stages unnecessary [57] .
L i k e w i s e , o p e r a t i n g a t h i g h t e m p e r a t u r e i n t h e s t a g e 2 w i t h a h i g h l y
permselective membrane material, the required area to reach the 90% separation targets is reduced. From the system configurations studied in this work, the one that requires the least total membrane area to reach the 90% purity and removal efficiencies targets, for the IL-CS -ZA/PTMSP system, respectively, with CO 2 removal efficiencies in the range 89 -95%, 87 -94% and 80 -90%, respectively. These values give scope to the further development and scalability of novel CO 2 -selective membrane materials for carbon capture processes.
Conclusions
The experimental evaluation of the binary CO 2 -N 2 separation performance using a two-stage membrane system with two different membranes in series has been carried out to see whether a high permeation flux in stage 1 and high permeation and selectivity This is related to the different strategies possible in membrane technology are present here so that two limiting cases to be considered. On one stage, the membrane ideal selectivity is greater than the pressure ratio (ϕ), the performance is determined only by the pressure ratio across the membrane and independent of the membrane selectivity, i.e. the pressure ratio limited region. On the other stage, the membrane selectivity may be smaller than the pressure ratio, which is named as the membrane selectivity limited region, the membrane separation is determined only by the membrane selectivity and independent of the pressure ratio [59] , as in Eq. (A.3)
3)
The flow rate of the different gases passing through the membrane has to be evaluated. Eq. (A.4) describes the CO 2 transport as function of the membrane area.
When F f2 =F p1 ,
where P j is the CO 2 permeability, F fj the feed flow and p fj the pressure of the feed stream.
For a given feed flow rate and feed composition, the membrane properties (permeability and selectivity), effective membrane area, and fixed operating conditions such as pressures, pressure ratios and temperature of each stage are fixed as design parameters and the solution of system equations provides the overall performance in terms of the CO 2 purity and the recovery in the final permeate stream. 
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